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 1 
Abstract 
 
 Inconel 718 is a Ni-Fe-based superalloy that has been central to the gas turbine 
industry since its discovery in 1963. While much more difficult to process than carbon or 
stainless steels, among its superalloy peers Inconel 718 has relatively high forgeability 
and has been used to make discs, rings, shells, and structural components. A metal 
forming process design algorithm is presented to incorporate key criteria relevant to 
superalloy processing.  
 This algorithm was applied to conceptual forging and heat treating extremely 
large rings of Inconel 718 of diameter 1956 mm (77in) and weight 3252 kg (7155 lb). A 
3-stage standard thermomechanical (TMP) processing was used, where Stage 1 strain 
varied from 0.1190 to 0.2941, Stage 2 from 0.0208 to 0.0357 and Stage 3 from 0.0440 to 
0.0940. This was followed by heat treatment of a solution anneal (954˚C/1750˚F for 4 
hour hold), air cool, then a double aging (718˚C/1325˚F for 8 hour hold; furnace cool to 
621˚C/1150˚F @ 56˚C/100˚F per hr; 18 hour total time for both steps). Preliminary 
mechanical testing was performed. Average yield strength of 951 MPa/138 ksi 
(longitudinal) and 979 MPa/142 ksi (axial) was achieved. Tensile strengths were 1276 
MPa/185 ksi (longitudinal) and 1255 MPa/182 ksi (axial). Elongations and reduction of 
areas attained were, respectively, 18 (long) and 25 (axial) and 28 (long) and 27 (axial).  
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2.0  Procedure design – Thermomechanical Processing (TMP) 
 
 The performance characteristics of Inconel 718, like most of the superalloys, are 
what make this material difficult to process as a forging. Superalloys are selected for their 
ability to maintain their strength in service for many hours at high temperatures 
(>538˚C/1000 ˚F) and thus forging them is necessarily difficult. Particular to Inconel 718 
is the complex strengthening mechanism: precipitation hardening. Careful control must 
be maintained throughout all the steps of processing, from original melting/solidification 
to ingot breakdown to final forging and finally through heat treatment. Neglect of any of 
these can lead to forging failures and/or deleterious properties. 
 In reviewing the body of published literature on Inconel 718, the author found 
hundreds of journal papers and a small number of dedicated books (some of which are 
compilations of papers or proceedings from conferences). Throughout the literature, 
Inconel 718 is interchangeably called Alloy 718, IN 718, or just 718; the same will hold 
true for this current study. While there is extensive literature on IN 718, much of it does 
not concern this project. Specifically NOT covered in this paper are these aspects of IN 
718: 1) welding, 2) machining, 3) spray forming, 4) powder metallurgy, 5) creep and 
stress-rupture behavior, 6) superplastic behavior, 7) computer modeling, 8) detailed 
corrosion discussion, and 9) HIP processing. 
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2.1 Goal/Request from customer 
 A fictitious forging company (“Specialty Forged Products, Inc”-SFP, Inc.) was 
contracted by a fabricator of nuclear industry components to forge, heat treat, machine 
and verify/assure mechanical properties and non-destructive testing parameters of 
extremely large-diameter (1956 mm/77in) rings of Inconel 718. This thesis presents 
industrial process designs as well as results of initial work on these large forgings. After 
an introduction to superalloys and a brief history of Inconel 718, focus will be turned to 
specific aspects of processing it as seen in the literature over the past thirty years. Next, 
the design of the procedure to manufacture these rings is presented and initial, very 
preliminary results of the forging and heat treatment are given. Finally, discussion of 
these results and conclusions that can be drawn finish this study. 
 In order for SFP, Inc. to initiate work on these rings, they employ a “Process 
Design Criteria and Capability Checklist” to assure themselves and their customer that 
they can succeed. This checklist is presented in Figure 1. For comparison, a fictitious 
ideal company, Ideal Corp, with almost unlimited resources, is included. SFP, as a 
smaller specialty forging company, does not have the in-house resources that a larger 
company might have but for some needs it can contract outside vendors. 
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Process Criterion Ideal Corp SFP, Inc. 
Raw Material    
     Is material available? Vendor dependnt Vendor dependnt 
     Is material costly? Vendor dependnt Vendor dependnt 
     Can material quality be tuned? Vendor dependnt Vendor dependnt 
Experience   
     Ever forged this material? Yes No 
     Ever forged shape/size of this material? Yes No 
Upfront Analysis Tools   
     Does company have FEA capability? Inhouse Can contract 
     Does company have access to a Gleeble? Inhouse Can contract 
     Does company have access to literature? Yes Yes 
     Does company have Metallography lab? Yes Can contract 
Forging   
      Is press tonnage sufficient for job?  Yes Yes 
      Does press have sufficient stroke? Yes Yes 
      Does press have sufficient daylight? Yes Yes 
      Can ram speed be controlled/varied? Yes No 
      Can dies be properly preheated? Yes Limited 
      Is isothermal forging available? Yes No 
      Is careful die/part temp monitoring availbl? Yes Yes 
      Is forging furnace of proper size? Yes Yes 
      Available air atmosphere furnace? Yes Yes 
      Available vacuum/inert gas furnace? Yes No 
      Forging furnace capable of temp range? Yes Yes 
      Is proper lubricant available? Yes Yes 
      Is time from furnace to press short? Yes Yes 
      Can time in press/tooling be minimized? Yes Yes 
      Is time from press to furnace short? Yes Yes 
Heat treatment   
       Is furnace of proper size? Yes Yes 
       Furnace have proper atmosphere? Yes Yes 
       Furnace capable of temp range? Yes Yes 
       Are furnace temp/time monitored? Yes Yes 
       Is air quenching possible? Yes Yes 
       Is water quenching possible? Yes Yes 
       Is polymer/oil quenching possible? Yes Yes 
Other considerations   
       Can company handle weights involved? Yes Yes 
       Can company machine parts? Yes Yes 
 
Figure 1 Process Design Criteria and Capability Checklist 
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3.0 Superalloys 
3.1 Introduction to Superalloys 
 To understand Inconel 718, one must first situate it within the family of metals to 
which it belongs: superalloys. Superalloys take their place as one of the most important 
metals of the modern age. Their discovery, development and continued widespread use 
are tightly tied to gas turbine components, both for jet aircraft and for land-based gas 
turbine engines, where high temperature strength and corrosion resistance are required. 
Today superalloys are more frequently being used in other applications as well, including 
petrochemical equipment. [1,4] 
 Superalloys as a family of metals are broken into three sub-families: cobalt-based, 
nickel-based and iron-nickel-based. Besides the obvious compositional differences, each 
sub-family offers unique property mixes, alloying variations and corrosion resistance 
nuances. Over the past fifty years, many variations of superalloys have been developed; 
some have been discontinued or are rarely used today, while others, like Inconel 718, 
have come to dominate the superalloy world. Most of them can be cast, forged, rolled, 
spray-formed and powder metallurgy formed. Figure 2 gives a clear pictorial overview of 
the development of superalloys. [1] 
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Figure 2  Wrought Superalloy Development [2] 
 
 
Besides corrosion resistance, superalloys offer excellent high-temperature strength 
characteristics to the user. As a reminder, strength is a broad metallurgical term and 
incorporating the key variables of time and temperature is essential in seeing the value of 
superalloys. This is summarized in Table 1. 
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Table 1 Overview of strength terms 
 
Measurable Mechanical Property Temperature Range (˚C/˚F) Time-scale 
Yield Strength Room-538/1000 Short 
Ultimate Tensile Strength (UTS) Room-538/1000 Short 
Creep Strength >538/1000 Long 
Stress-Rupture  >538/1000 Long 
 
 
Yield strength and ultimate tensile strength have their higher-temperature, long time scale 
analogues in creep strength and stress-rupture strength (sometimes called creep-rupture 
strength).  Figure 3 shows the room temperature properties of superalloys and Figure 4 
gives their stress-rupture strengths. Rounding out the list of advantageous properties 
offered by superalloys are fatigue strength (low and high cycle), fracture toughness, crack 
growth rates, hardness and dynamic modulus. 
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Figure 3 Room temperature properties of selected superalloys [2] 
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Figure 4  Stress-rupture strengths for superalloys [1] 
 
 
 
3.2 Essentials of Superalloy Metallurgy 
 The extraordinary gift that superalloys have been to modern civilization can be 
attributed in essence to one thing: alloy design. The matrix composition of each family is 
defined by its name: nickel-based have nickel as the matrix, cobalt-based has a cobalt 
matrix, and iron-nickel has a combination. Nickel is unique among its other superalloy 
brethren in that it has face-centered cubic (fcc) crystal structure at all temperatures. Iron 
and cobalt both undergo allotropic transformations and only achieve the fcc crystalline 
structure at high temperatures. To help with this, to stabilize the room-temperature 
structure, alloying elements are added to the cobalt and iron-base, the main addition, not 
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surprisingly, being nickel. The austenitic fcc matrix is at the heart of the formability and 
forgeability of superalloys: it readily dissolves alloy additions, gives excellent ductility 
and for the nickel- and iron-nickel-based alloys provides favorable conditions for the 
precipitation of strengthening phases. The high temperature limits for the use of 
superalloys are not governed by allotropic transformations (as in carbon steels) but rather 
only by incipient melting of any element in the alloy. Cobalt-based superalloys have 
higher incipient melting temperatures and thus are used for very high temperature 
applications. [1, 2, 3] 
 The strengthening of superalloys is accomplished both by solid-solution 
hardening with chromium and molybdenum and by precipitation hardening with γ’ and/or 
γ’’ phases. The γ’ is most basically Ni3(Ti, Al) but can also be more complex, with Fe 
and Co substituting for portions of Ni and Nb substituting for the Ti and Al. Controlling 
the morphology and dispersion of the γ’ and γ’’ is a central function of the heat treatment 
of these alloys and this will be discussed in detail. [1] 
 Carbides are also part of the microstructure of these alloys and play an important 
role in the mechanical properties achieved, especially carbides on the grain boundaries. 
Like γ’, heat treatment controls how and where the carbides locate themselves and what 
effects this has. If the carbides 
 1) form discontinuous chains along the grain boundaries, then maximum strength  
  is achieved.  
 2) locate themselves in a complete network on the grain boundaries, they provide  
  a continuous fracture path. 
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 3) do not locate at all on the grain boundaries, the material is susceptible to high  
  temperature grain boundary sliding. [5] 
 
The best summary of the variety of phases, their crystal structure, stoichiometry, and 
roles in superalloys is seen in Figure 5 on the next page. 
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Figure 5 Overview of phases in superalloys [1] 
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Figure 5, cont’d  Overview of phases in superalloys [1] 
 
 
Figure 6 gives an excellent summary of the roles played by each element in the 
superalloy chemistry design. Figure 7 is a rendering of the periodic table and gives the 
designer a very useful view of alloying elements. 
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Figure 6 Role of alloying elements in superalloys [1] 
 
 
 
 
Figure 7 Periodic Table view of alloying elements (cross-hatched elements are 
  the beneficial minor elements; horizontal-lined elements are harmful  
  tramps) [1] 
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3.3 Brief History of Superalloy Development 
 Work by Decker [6] gives a very succinct summary of the history of Inconel 718. 
It is presented here. Albert Marsh first saw the excellent high-temperature corrosion 
resistance of nickel-chromium in 1906 with his work with thermocouples. Eighteen years 
later, at the International Nickel Company’s (Inco) Bayonne, New Jersey research 
facility, a scientist name Paul Merica (who also invented Monel K-500) endeavored to 
use nickel and chromium as the basis of a new “stainless” material to compete with 
classic stainless steels: Inconel 600 was born. The basic matrix of this new material, 
called gamma γ, a ductile fcc crystal structure, displayed the key features that define what 
are known today as the superalloys [6]:  
 1) a tolerance for substantial and varied elements for solid solution strengthening  
  as well as age-hardening. 
 2) the formation of a nickel-chromium-oxide surface layer, the essence of   
  corrosion resistance. 
 3) an environment for rapid nucleation of coherent ductile intermetallics. 
 4) with the fcc structure, multiple slip systems, ensuring good    
  ductility/formability. 
 5) no allotropic transformations (as seen in steels and titanium) that sometimes  
  destabilize complex alloy systems. 
 How the gamma matrix is strengthened was also a matter of interesting historical 
development. In 1926 a Germany company, Hareus Vacuum-Schmelze AG added 6% 
aluminum to the nickel-chrome system, thus creating what is known as the gamma prime 
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(γ’) phase. Merica and his colleague N.B. Pilling filed a similar γ’ patent for Inco in 1929 
in the US. [6] 
 The onset of the jet age in the 1930s welcomed the new nickel-chrome alloys for 
their high temperature strength properties, and the ‘40s and 50s saw much interest and 
advancement of this alloy group with the driving force being higher and higher 
temperature engine performance. Huntington, Pratt and Whitney, and GE invented, 
respectively, Inconel X-750, Waspaloy, and M252 during this time. Over the next fifty 
years γ’ would be further studied, understood and utilized in many superalloys. [6] 
 A significant landmark was achieved in superalloy development when another 
hardening phase, gamma double prime, γ’’, was discovered by Herbert L. Eiselstein, also 
with Inco, in the late 1950s by adding niobium to the nickel-chrome system. [6] His 
patent submission for IN 718 happened in 1963 and ushered in the alloy considered the 
“bread and butter” metal of all the superalloys, accounting for 50% of all superalloy 
production today. [6] The wide variety of applications for which superalloys are used is 
shown in Figure 8: 
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Figure 8  Listing of modern-day superalloy applications [1,4] 
 
 
4.0 Inconel 718 
4.1 Overview of Thermomechanical Processing of Inconel 718 
 Now that a general understanding of superalloys is established, focus will be put 
directly on Inconel 718. Throughout its storied history, it has been classified either as an 
iron-nickel-based superalloy [5] or either nickel-based or nickel-iron-based one [1]. Some 
nickel-based superalloys are strengthened by solid-solutioning (e.g. Hastelloy X and IN 
625), but IN 718, like IN 706 and IN 709, is not. [1] Rather, it is strengthened by the all-
important γ’’ phase: body-centered tetragonal Ni3Nb. [1, 2, 5] To achieve optimal 
properties in finished products, care must be taken to carefully control this and certain 
other phases, both by the volume fraction present and the morphology of each. More will 
be discussed about microstructure in the heat treatment portion of the paper. [7] 
 There is some variation in the literature about what is considered the TMP 
(thermomechanical processing). Some include the final heat treatment in the entire TMP 
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band and others separate TMP from heat treatment and effectively call it the ingot-
breakdown-final-forging portion. What is most important is that how the beginning steps 
unfold carries forward into and through heat treatment and to eventual final properties 
achieved. TMP has been a term associated with superalloy processing for decades, results 
of which have been presented by Turner and von Harrach (1986) [12], Barker et al (1986) 
[8], Wilkinson (1989) [13],  and Cardenas et al (2005) [14]. For reference throughout this 
section, two TTT diagrams will be used, one from the late 1960s (Decker), Figure 9, and 
one modern version (Donachie and ASM Handbook), Figure 10. [3, 8] 
 
 
Figure 9 Early TTT diagram for IN 718 [8] 
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Figure 10 Modern TTT diagram for IN 718 [2] 
 
 
 
 This paper does not cover in detail the great strides made in the alloying and 
solidification practices of IN 718 but it is worth mentioning that fine-tuning the key 
elements (Ti, Al and Nb) has a marked effect on some properties. What has been 
demonstrated is that careful solidification to tailor grain size and morphology does 
influence the final products that come from a starting ingot. Typically, IN 718 is melted 
according to three practices: Vacuum Induction Melt (VIM) + Electroslag Remelt (ESR), 
Vacuum Induction Melt (VIM) + Vacuum Arc Remelt (VAR), or VIM+ESR+VAR. [9, 
17, 25] 
 As the hardening elements (Al, Ti, Nb) were added to achieve better high-
temperature performance in jet engines, forgeability decreased. Adding too much 
hardening chemistry leads to a total loss of forgeability. During solidification, if too 
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many hardening elements are added, the result is more pronounced dendritic segregation, 
voids, carbide networks, and brittle intermetallic particles. Any or all of these lead to 
crack initiation during hot forging. Finally, proper homogenization of the ingot is central 
to a good quality ingot. If improper homogenization is employed, segregated ingots are 
the result and this leads to problems such as inordinate grain growth due to a lack of grain 
size-controlling δ phase. [9, 10, 25] 
 Converting ingot (cast structure) to billet (wrought structure) is the key starting 
step to TMP in assuring final microstructural characteristics in the component, insuring in 
turn superior mechanical properties. Among the most important process controls in the 
conversion (or drawdown) step of TMP is good heat retention methods (rapid transfer 
from furnace to press, adding heat during drawdown, etc). This allows sufficient 
recrystallization during each die pass and it is here where age-hardening elements diffuse 
throughout the metal matrix. Other important factors during ingot breakdown that lead to 
favorable work penetration are cycling speed, depth of pass, length of pass, die design, 
and the tonnage of the press. It is crucial that the conversion step completely refines the 
original ingot structure (cast, dendritic, segregated, etc.) into billet structure, especially 
when final forging steps do not allow for significant work penetration. Generally ingot 
conversion takes place at temperatures above the γ’ solvus line. [3, 11, 12] 
 The final forging portion of TMP relies upon three process parameters for 
successful final part properties: forging temperature, strain and strain rate. Unlike ingot 
breakdown temperatures, final forging temperatures are advised below the γ’ solvus line 
to avoid grain growth. Typically, a forging sequence is designed for decreasing 
 21 
temperature with each successive reheat. Figure 11 locates IN 718’s forging temperatures 
amongst other superalloys. Of note is IN 718’s forgeability rating of 2, making it one of 
the easier superalloys to forge (1 is easiest, 5 most difficult) [11, 12]. 
 
 
 
 
 
Figure 11 Recommended forging temperatures for selected superalloys [1] 
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Strain rate must be held to very low values in order to avoid frictional heat build-up, 
nonuniform recrystallization grain sizes and variations in mechanical properties. IN 718 
is very sensitive to radial type ruptures if either strain rate or forging temperatures are too 
high, as seen in Figure 12. [16] 
 
Figure 12 Radial ruptures in IN 718 pancake forgings [3] 
 
As in ingot drawdown, good heat retention methods are crucial in final forging steps. If 
tooling is too cold, the component will chill and this leads to chill cracking, as seen in 
Figure 13, evidence of the limited size of the processing window for these alloys. 
 
Figure 13 Die chill cracks in IN 718 ring [3] 
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Utterly crucial to achieving desirable mechanical properties is sufficient recrystallization 
throughout the forging. This produces not only a desirable fine grain uniform structure 
but also the avoidance of continuous grain boundary or twin boundary carbide networks 
that form on stationary grain boundaries during heating and cooling. [1, 8, 15] 
 
4.2 Three Variations of TMP 
 In the early years of forging IN 718 the emphasis in forging it was merely 
obtaining the proper shape. As the demands of the jet engine industry called for higher 
temperature strength performance, producers had to focus on microstructure and 
processing control to achieve better mechanical properties. Much experimentation was 
done and there emerged three main techniques [1, 8, 13]: 
 
1. Standard Processing (SP):   Today this is used for noncritical or difficult to  
     make shapes. A mixed grain size structure is  
     achieved with ASTM 4-6. Room    
     temperature ultimate tensile strength is   
     approximately 1276 MPa (185 ksi). 
 
2. High Strength Processing (HSP): Designed for higher stressed components of simple  
     shapes. Grain structure here is finer, ASTM 8.  
     Room temperature UTS is 1344 MPa (195 ksi) and  
     the refined grain structure improves low cycle  
     fatigue (LCF). 
 
3. Direct Aged Processing (DAP): Highest strength and LCF is achieved this way but  
     at the expense of high temperature creep. As in  
     HSP, DA Processing limits shapes to simple  
     geometries. Grain size is ASTM 10 and UTS  
     is 1448 MPa (210 ksi). 
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 The key to achieving properties, as stated earlier, is microstructure control and 
this is accomplished by forging temperature, strain and strain rate. Each of the above 
processing techniques controls the microstructure in a different way, which leads to the 
attendant properties. In standard processing, forging is done well above the δ solvus line 
(982˚C/1800˚F), typically in the 1066-1093˚C (1950-2000˚F) range for first operations 
and 1038-1066˚C (1900-1950˚F) for finishing steps. It is important during the lower-
temperature finishing portion to utilize enough forging reduction so the material 
recrystallizes into the ASTM 4-6 range. It is not uncommon for larger unrecrystallized 
grains to be present but their presence is only tolerable in small quantities. To finish a 
standard processing forging sequence properly, the forger must cool the part through the 
δ-forming range so it can precipitate a small amount on the grain boundaries and perform 
its crucial function of grain size control. Finer grains lead to good stress rupture ductility 
and decreasing notch embrittlement. [1, 8, 13] 
 In High Strength Processing, the goal of higher strength and LCF properties is 
attained with smaller average grain size. The forger needs to employ large forging 
reductions at or near the δ solvus line. Typically, initial operations are done at 1038-
1066˚C (1900-1950˚F) to prevent grain growth with the aim of ASTM 4-5. Finish forging 
steps are started in the range of 1010-1038˚C (1850-1900˚F) and finished below 
982˚C/1800˚F. Because of these lower temperatures and the corresponding requirement 
of large forging reductions (30-50% for the finish steps), HSP lends itself to simpler 
shapes. Two problems of which the forger needs to be aware are 1) regions receiving too 
little work will have large grains and 2) the lower part temperatures amplify the 
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detrimental effects of die chill. Heat treatment is the same as what is used in SP. [1, 8, 13] 
 Direct Age Processing improves upon HSP to a further extent and the driving 
force is again larger forging reductions at lower temperatures. For both initial and final 
steps of the forging sequence, reductions are greater than 50%. Initial upset is done in the 
range of 996-1024˚C (1825-1875˚F) with a resulting grain size of 8-9. Final steps are 
done at 968-996˚C (1775-1825˚F) with a grain size of 10-12. Because of these lower 
temperatures and the further problems of die chill, isothermal forging is required for 
DAP. A key feature of this technique is the heat treatment that follows forging. The 
solution annealing step is completely eliminated and the part is moved from forging 
directly to the duplex aging regimen. [1, 8, 13] 
 Comparative micrographs of each processing technique are shown in Figures 14-
16 and a summary of attributes is shown in Table 2. 
Table 2 TMP Summary for IN 718  
 
Process 
First Forge  
(˚C/˚F) 
Second Forge  
(˚C/˚F) 
Grain Size 
(ASTM) 
UTS1 
(MPa/ksi) 
UTS2 
(MPa/ksi)    
Heat 
Treatment3 
SP 
1066-1093/ 
1950-2000 
1038-1066/ 
1900-1950 4 1276/185 1000/145 SA, DA 
HSP 
1030-1066/ 
1900-1950 
1010-1038/ 
1850-1900 8 1344/195 1082/157 SA, DA 
DAP 
996-1024/ 
1825-1875 
968-996/ 
1775-1825 WQ 10 1448/210 1173/170 DA 
       
1 Room Temperature    
2 High Temp = 649˚C (1200˚F)   
3 SA=Solution Anneal 1775 for 2 hours, water quench (WQ)   
    DA = Duplex Age 1325 for 8 hours, furnace cool at 100 deg/hr to 1150 for 8 hours 
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Figure 14  Typical IN 718 microstructure, Standard Processing [8] 
 
 
Figure 15  Typical IN 718 microstructure, High Strength Processing [8] 
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Figure 16  Typical IN 718 microstructure, Direct Age Processing [8] 
 
  
 What has emerged in the increased use of IN 718 is that melting, ingot 
conversion, forging and heat treatment need to be seen as fully inter-dependent; this is the 
essence of TMP. The critical mechanical properties affected by TMP are: tensile strength 
and ductility, fatigue strength/life (LCF and HCF), crack growth rate (short and long 
cracks), fracture toughness, creep and stress rupture, and notch sensitivity. Depending on 
the application, TMP is employed to maximize two or three properties while not 
adversely affecting too badly the others. For example grain size is a key result of TMP 
variations, where finer grain size improves tensile strength, HCF and cycles to crack 
initiation but courser grains improve creep strength and crack growth rate. A good 
overview of the strength (UTS and yield) versus temperature behavior of IN 718 is found 
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in Figures 17 and 18 below. These data were taken from aircraft engine parts (disks, hubs 
and shafts) over a period of four years. It is well known that overall grain size is very 
dependent on temperature. Figure 19 shows this relationship with the understanding that 
time plays a critical role in grain coarsening, as does chemistry variation (not shown on 
the plot). [1, 8, 13] 
 
Figure 17    YS versus Temp for IN 718 [13] 
 
Figure 18  UTS versus Temp for IN 718 [13] 
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Figure 19 Average grain size versus temperature for IN 718 [13] 
 
 
 Wilkinson [13] also emphasizes the simple but important sequence of TMP  
for IN 718: 
 Forging (strain, strain rate, temp)+ Heat Treat   microstructure     
    mechanical properties 
During forging, as stated by others, a key parameter that affects microstructure is 
temperature variation within an ingot or billet as it is forged. As it is removed from the 
furnace, handled by equipment and placed in a press with dies of lower temperature, the 
temperature of the part decreases. However, with a high strain rate or localized variations 
in flow, adiabatic heating can occur and significant increases in temperature result. The 
forger must be aware of these realities or problems can occur in the TMP sequence 
leading eventually to mechanical property shortfalls. [8, 13] 
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4.3 The Role of Recrystallization 
 Recovery, recrystallization and grain growth play a key role in TMP of IN 718. 
Figure 20 displays the relationship between deformation, temperature, recrystallization 
and grain size. Typically, recrystallized grains form finer with lower-temperature 
deformation, higher strain rates and greater reductions. For the forger, the key is to 
employ the proper mix of these variables, obtain the proper grain size, and prevent those 
grains from further growth. The phase in IN 718 that aids with this grain growth control 
is, as mentioned earlier, the δ phase, and only in small amounts, distributed on grain 
boundaries. Recovered but unrecrystallized grains are common and their presence is not 
deleterious to final mechanical properties as long as their relative volume fraction is low. 
Figure 21 shows two micrographs of recovered grain structure, one with limited 
recrystallization and another with remnant unrecrystallized grains. [1, 13, 20] 
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Figure 20 Recrystallization vs. % Reduction for IN 718 [13] 
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Figure 21 a)  grains showing limited “necklace” recrystallization in IN 718, b) some 
remnant unrecrystallized grains in IN 718 [13] 
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 The nature of desiring only a certain amount of δ phase is due to its similar 
stoichiometry to γ”. They both are Ni3Nb and if the δ grabs too much of the Nb, there 
will not be enough γ” for strengthening during heat treatment, especially during direct 
age processing. However, if there is not enough δ formed during forging, grains will not 
be pinned and could rapidly grow. In addition to the amount of δ present, its morphology 
is crucial, with spherical shape and distribution mostly on the grain boundaries 
preferential to needle-like shape and distribution both on and emanating out from the 
grain boundaries. If deformation is performed in the range where δ is precipitating, it will 
form the needle-like version within and emanating out from the grain boundaries. 
Another route to this deleterious form of δ is when the material is heated into the 
δ precipitation temperature range but not deformed or deformed very little, it will form 
the lathe morphology. Figures 22 and 23 show both morphologies of δ. [18, 19] 
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Figure 22 Favorable, spherical δ seen on grain boundaries in IN 718 [13] 
 
 
Figure 23      Unfavorable lathe/needlelike δ on and emanated from  
grain boundaries in IN 718 [13] 
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 Achieving uniform, beneficial microstructure depends upon another important 
forging variable: die temperature. As dies are used for forging, heat transfers from the 
part into the die (unless the die is at the same temperature as the part). This is known as 
“die chill” and if not carefully controlled can lead to serious problems. In areas of die 
chill, lower temperature deformation produces different microstructure than a properly 
heated and forged portion of the part. This leads to inhomogeneous microstructure 
throughout the part and thus inconsistent mechanical properties. The best way to 
eliminate die chill is to heat the dies to between 540˚C and 830˚C (1004-1526˚F).  
These high temperatures require dies to be in turn made of Ni-based materials, adding 
significant cost to tooling. The most advanced version of die heating is the use of 
isothermal forging, where dies are heated to and kept at temperatures over 650˚C 
(1202˚F). Tight control of part temperature is a result of isothermal forging and is a 
necessary process when Direct Aging is employed. Figure 24 aptly illustrates the 
relationship between billet temperatures, forging pressure and die temperatures. Figure 25 
is a powerful macrographic view of a pancake forging done without die heating above 
540˚C. What is noticed is the classical variation in grain structure and recrystallization, 
with coarse unrecrystallized grains at the die contact points (top and bottom of 
photograph), due to die lock and possible poor lubrication; but die chill aggravates and 
amplifies these problems resulting in even more inconsistency in the forging. [13] 
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Figure 24 Forging pressure vs. billet temperature for IN 718 for two die temperatures 
  in  [13] 
 
 
 
Figure 25 IN 718 pancake forging showing classical mixed grain size due to die 
lock, limited lubrication and die chill [13] 
 
 
After a part is properly forged, the final step of TMP is heat treatment. If the first steps of 
TMP (drawdown, final forging) are properly done, well-executed heat treatment will 
maximize the value of IN 718 for its end use.  
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4.4 Heat Treatment 
 While most of the advancements in processing Inconel 718 have historically 
pertained to alloy fine-tuning and forging techniques, focus on heat treatment has been 
less vigorous due to the limited variation in what can be done to maximize certain 
properties. Early on, it was found that the basic heat treatment of solution annealing in 
the 927-1066˚C (1700-1950˚F) range followed by either air or water quenching and then 
either a single or double aging treatment produced excellent combinations of properties. 
Nevertheless, key studies across the research and industrial community have investigated 
and confirmed the crucial role in TMP of heat treatment, especially within the past 
decade with the help of the improvement of tools to detect and characterize the phases 
(SEM, TEM, X-ray diffraction). What is clear is that the starting portion of TMP (ingot 
breakdown, final forging) affects the potential optimization of heat treatment. If the early 
stages of TMP are improperly done, heat treatment can do little to correct it. However, if 
drawdown and final forging are excellently performed, heat treatment will either optimize 
final properties, if done correctly, or harm final properties, if done incorrectly. [3, 8, 25, 
26, 27]  
 As stated earlier, IN 718 is composed of a Fe-Ni γ−matrix with intermetallic 
phases of γ’, γ”, and δ, as well as various carbides. Alloying elements that partition to the 
nickel matrix are Cr and Mo. Cr by itself gives good oxidation resistance; Cr and Mo 
each contribute to solid solution strengthening, though only slightly for this alloy. The 
key elements in precipitation hardening/strengthening, the operative strengthening 
mechanism, are Ti, Al and Cb. Carbon and boron are added to amplify grain boundary 
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strength and ductility.  As stated in Figure 5, the composition of γ’ is Ni3(Al,Ti) with a 
crystal structure of cubic (LI2), γ’’ is Ni3(Nb, Al, Ti) with bct (DO22) structure, and δ is 
also Ni3Nb but with an orthorhombic (DOa) structure.  It was established in the 1980s by 
Widge et al [25], and confirmed more recently by Abdellaoui and Slama [28] that a 
guiding variable for strengthening is the ratio of Nb/Al. This is seen in Figure 26. [9, 25, 
26, 27, 28] 
 
Figure 26    Effect of Nb and Al on Room Temperature Tensile Strength in IN 718 [25] 
 
 The central strengthening phase is by far γ” with only incidental strengthening 
provided by γ’. The γ”, with its coherent ordered bct crystal structure, strengthens the 
γ matrix by coherency straining due to lattice distortion as the γ” forms. It forms as disc-
shaped particles with a fully aged diameter on the order of several hundred angstroms. 
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Contrarily, the γ’ particles are more spherical and smaller. While different in size and 
morphology, these two phases are both metastable. Figure 27 is an excellent SEM 
photomicrograph that shows both of these important phases. Eventually they transform to 
δ albeit over a long time period, as seen in Figure 28. The classic transformation 
sequence happens, from 1200 to 1600˚F, as γ’γ”δ.  [22, 23, 24, 27] 
 
 
Figure 27 SEM clearly showing γ”, elongated dark black discs, and the much smaller 
  γ’, small white spheres in IN 718 [28] 
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Figure 28 Transformation of γ” to δ in IN 718 when held at 750C for 100 hours; the  
  light regions near the δ are the γ”-denuded areas  [28] 
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 As with other superalloys, confirmed by hardness-time aging curves, Inconel 718 
achieves peak hardness with lower aging temperature. Furthermore, with lower aging 
temperatures, the time to achieve the peak hardness increases. For example, over-aging 
occurs rapidly at 843˚C/1550˚F but takes 15 hours at 760˚C/1400˚F and as long as 500-
600 hours at 704˚C/1300˚F. For proper aging, the forgemaster and heat treater need to 
realize that lower temperature aging promotes formation of γ’ while higher aging 
temperatures accelerate γ’’ coarsening and its transformation to δ. These relationships are 
seen in Figure 29. [23, 24, 27, 28] 
 Referring back to the TTT diagrams, Figures 8 and 9, one sees the δ solvus at 
982˚C/1800˚F and the mix of phases over the time and temperature spectrum. As has 
been discussed earlier, the main function of δ in wrought IN 718 is to control grain 
boundaries. If material is forged below the δ solvus, and thus the presence of this phase is 
present, then grain sizes remain fine. If however forging occurs above the solvus line, 
grains will be allowed to grow rapidly. A typical heat treatment is a short time (1-2 
hours) of solution anneal below 982˚C/1800˚F to solutionize the γ’ and the γ’’ yet not 
allow grain growth. A duplex aging starting at 718˚C/1325˚F for 8 hours then 
621˚C/1150˚F for an additional 8 hours follows the solution anneal. Figure 30 shows δ 
phase particles on the grain boundaries after a short solution anneal at 1000˚C/1832˚F. As 
was seen in Figure 22, the δ is of the preferential spherical morphology. [23, 26, 28] 
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  Figure 29    Micro hardness and phase grain size as a function of annealing duration in  
  IN 718 [28] 
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  Figure 30 Delta phase along grain boundaries in IN 718 after  
    1 hour at 1000˚C (1832˚F) [28] 
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5.0 Proposed Experimental Procedure 
5.1 Overview of Process 
 A 483 mm (19 in) diameter, 3252 kg (7155 lb) VIM/VAR ingot was supplied to 
SFP, Inc. The mill chemistry provided is (by weight percentage): 53.76 Ni, 18.20 Fe, 
17.95 Cr, 5.42 Nb, 2.89 Mo, 0.98 Ti, 0.49 Al, 0.12 Co, 0.09 Si, 0.06 Mn, 0.04 Cu, 0.032 
C, 0.03 V, 0.02 W, 0.009 P, 0.004 B, 0.0008 Mg, 0.0004 S, with < 0.01 Zr, <0.0010 Ca, 
and <0.01 Ta. Figures 31a-c show the overall forging technique employed for this 
project. Initial ingot breakdown and final forging was achieved with the following recipe: 
 
1. Load ingot into cold furnace, supported off floor. 
2. Heat material to 982˚C/1800˚F and hold for 6-8 hours. 
3. Set furnace to 1177˚C/2150˚F, heat material till contact thermocouple reaches  
 1121˚C/ 2050˚F 
4. Forge as directed by forging press and tooling regimen. 
5. Recharge back into 1149˚C/2100˚F furnace and remove when part achieves 
 1121˚C/2050˚F. 
6. For final wall reduction (10%), do in one furnace heat. If reheat needed, set furnace to 
 1038˚C/1900˚F. 
 
Important steps to take as well include: 
 
1. Inspect and assure that no surface cracks are on material. 
2. Grind all sharp corners (12.7 mm/0.5in radius). 
3. Glass coat material prior to loading into furnace (Deltaglaze 151). 
4. Attach contact thermocouple to material before loading into furnace.  
5. Preheat all tooling to 260˚C/500˚F. 
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5.2 Detailed Illustration of Proposed Forging Process 
 
 
 
 
 
 
 
 
 
 
      
   
 
 
Figure 31a Initial upsetting: 203.2-254 mm (8-10 in) per cycle, then recharged back  
  into 1121˚C/2050˚F furnace. Multiple hits in the press with multiple  
  reheats until disc of height 337mm (13.25 in) is formed. Final stages were  
  used with upset rotating bar tool. Preheat tooling to 260˚C/500˚F 
 
 
 
 
 
 
 
 
 
 
Figure 31b Hole-punching: Punch out 343 mm (13.50 in) hole to produce a “donut”  
  and a “munchkin” 
13.5
0” 
13.2” 
47.2” 
84” 
19” 
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Figure 31c Ring expansion step (saddling): In a “jack stand” using a 330 mm (13 in)  
  mandrelling bar/saddle tool, the ring is worked by compress-then-index  
  process. One revolution is completed this way then the piece is reloaded  
  into furnace. Tooling pre-heated to 260˚C/500˚F. 
 
 
79.5” 
13.25
” 
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 The forging of the large ring is done in three distinct stages as defined by a 
specific 3-Stage process: 1) Basic Upsetting, 2) Walking bar upsetting, 3) Ring saddling, 
as illustrated in Figure 31. After forging into a final large ring 2019 mm OD x 1664 mm 
ID x 337 mm tall (79.5 in OD x 65.5 in ID x 13.25 in tall), the next step is parting, via a 
12.7 mm/0.5 in cutting tool, into three rings of final dimensions 2019 mm OD x 1664mm 
ID x 337 mm tall (77.32 in +0.12/-0 OD x 67.00 in +0/-0.12 x 3.00 in +0.12/-0 tall) plus 
the prolong for testing (approximately 50.8 mm/2 in tall ring). These rings are to be heat 
treated to this regimen, in natural gas-fired box furnaces: 
 
1. Solution anneal (air cool): 954 ˚C +/-14˚C (1750˚F +/-25˚F) for 4 hour hold time. 
2. Aging: 1325˚F +/-25˚F for 8 hours; furnace cool to 1150˚F +/-25˚F @    
 100 ˚F/hr; total time for both aging steps is 18 hours. 
 
Mechanical testing is done to obtain data for yield strength, UTS, elongation and 
reduction of area. 
 
6.0 Results 
 Each stage of forging involved varying tool set-ups and varying strains. Strain 
rate was kept consistent throughout the forging. Each stage is described below. 
Stage 1: Basic Upsetting 
 In first converting the ingot to a flat disc, classic straight upsetting technique was 
used with lubricated, preheated, flat platens on the top and bottom of the part. A natural 
gas-fired box furnace and a 3000 ton hydraulic press were used in this stage. Table 3 
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summarizes the strains seen during this stage. Reloading into the furnace at the stated 
temperature follows each step. Figure 32 graphically displays the Strain for Each Step 
relationship.  
Table 3 Strain for each step of Stage 1 
 
Operation Height 1 Height 2 ΔΗeight Temp Strain 
 in mm in mm in mm ˚C/˚F  
Upset 84 2134 74 1880 10 254 1121/2050 0.1190 
Upset 74 1880 64 1626 10 254 1121/2050 0.1351 
Upset 64 1626 54 1372 10 254 1121/2050 0.1563 
Upset 54 1372 44 1118 10 254 1121/2050 0.1852 
Upset 44 1118 34 864 10 254 1121/2050 0.2273 
Upset 34 864 24 610 10 254 1121/2050 0.2941 
 
As can be seen, the strain increased significantly through this stage maxing out at nearly 
30%. 
 
 
Figure 32 Strain for each step for basic upset Stage 1 
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Stage 2: Walking bar upsetting 
 
 When the disc reached a height of 24” (diameter of 35”), the friction forces were 
too great for the forging press to overcome so a special tool called a “walking bar” was 
employed to move the metal out in a localized area. For this stage, both the 3000-ton 
press and a 6000-ton pressed were utilized. The strain achieved during this stage was 
markedly smaller than in Basic Upsetting as seen in Table 4. Furthermore, while the 
strain also increased after each reheat, it was a much smaller increment. The Strain at 
Each Step is given in Figure 33.  
Table 4  Strain for each step of Stage 2 
 
Operation Height 1 Height 2 ΔΗeight Temp Strain 
 in mm in mm in mm ˚C/˚F  
Walking Bar 24.0 610 23.5 597 0.5 13 1121/2050 0.0208 
Walking Bar 23.5 597 23.0 584 0.5 13 1121/2050 0.0213 
Walking Bar 23.0 584 22.5 572 0.5 13 1121/2050 0.0217 
Walking Bar 22.5 572 22.0 559 0.5 13 1121/2050 0.0222 
Walking Bar 22.0 559 21.5 546 0.5 13 1121/2050 0.0227 
Walking Bar 21.5 546 21.0 533 0.5 13 1121/2050 0.0233 
Walking Bar 21.0 533 20.5 521 0.5 13 1121/2050 0.0238 
Walking Bar 20.5 521 20.0 508 0.5 13 1121/2050 0.0244 
Walking Bar 20.0 508 19.5 495 0.5 13 1121/2050 0.0250 
Walking Bar 19.5 495 19.0 483 0.5 13 1121/2050 0.0256 
Walking Bar 19.0 483 18.5 470 0.5 13 1121/2050 0.0263 
Walking Bar 18.5 470 18.0 457 0.5 13 1121/2050 0.0270 
Walking Bar 18.0 457 17.5 445 0.5 13 1121/2050 0.0278 
Walking Bar 17.5 445 17.0 432 0.5 13 1121/2050 0.0286 
Walking Bar 17.0 432 16.5 419 0.5 13 1121/2050 0.0294 
Walking Bar 16.5 419 16.0 406 0.5 13 1121/2050 0.0303 
Walking Bar 16.0 406 15.5 394 0.5 13 1121/2050 0.0313 
Walking Bar 15.5 394 15.0 381 0.5 13 1121/2050 0.0323 
Walking Bar 15.0 381 14.5 368 0.5 13 1121/2050 0.0333 
Walking Bar 14.5 368 14.0 356 0.5 13 1121/2050 0.0345 
Walking Bar 14.0 356 13.5 343 0.5 13 1121/2050 0.0357 
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Figure 33 Strain for each step for rotating walking bar Stage 2 
 
 
A rendering of the walking bar tooling set-up is seen in Figure 34; one can see the limited 
contact surface that the top of the part sees, as opposed to a full platen surface. After each 
hit, the operator rotates (indexes) the bar, another hit is done, another index, and this is 
repeated for a full 360˚ turn of the bar. 
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Figure 34 Drawing showing tooling set-up for Rotating Walking Bar 
 
Stage 3: Ring Saddling 
After the center hole is punched out of the disc, the ring is set up into a saddling tool to 
work the ring through its wall thickness dimension. Table 5 summarizes the strains 
during this process. Recharging back into the furnace occurred after a full rotation (360˚) 
of the ring. A very small displacement (19.05 mm/0.75 in) is imparted by the top platen 
and the bar under the ring and then the ring is indexed for the next hit. Figures 36-38 
display the Saddling tooling and process. In Figure 38 one sees the small (19.05 mm/0.75 
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in) displacement for each step. The Strain at Each Step is show in Figure 35. 
Table 5  Strain for each step of Stage 3 
 
Operation Wall t 1 Wall t 2 Δ  Wall Temp Strain 
 in mm in mm in mm ˚F  
Saddle 17.00 431.80 16.25 412.75 0.75 19.05 1121/2050 0.044 
Saddle 16.25 412.75 15.50 393.70 0.75 19.05 1121/2050 0.046 
Saddle 15.50 393.70 14.75 374.65 0.75 19.05 1121/2050 0.048 
Saddle 14.75 374.65 14.00 355.60 0.75 19.05 1121/2050 0.051 
Saddle 14.00 355.60 13.25 336.55 0.75 19.05 1121/2050 0.054 
Saddle 13.25 336.55 12.50 317.50 0.75 19.05 1121/2050 0.057 
Saddle 12.50 317.50 11.75 298.45 0.75 19.05 1121/2050 0.060 
Saddle 11.75 298.45 11.00 279.40 0.75 19.05 1121/2050 0.064 
Saddle 11.00 279.40 10.25 260.35 0.75 19.05 1121/2050 0.068 
Saddle 10.25 260.35 9.50 241.30 0.75 19.05 1121/2050 0.073 
Saddle 9.50 241.30 8.75 222.25 0.75 19.05 1121/2050 0.079 
Saddle 8.75 222.25 8.00 203.20 0.75 19.05 1121/2050 0.086 
Saddle 8.00 203.20 7.25 184.15 0.75 19.05 1038/1900 0.094 
 
 
Figure 35 Strain for each step for Saddle Tool Stage 3 
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Figure 36     Saddle tooling with ring being placed 
 
 
Figure 37     Later in the process as ring is expanded to the goal diameter 
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Figure 38    Detail of saddling compression (approximately 19.05 mm/0.75 in) 
 
Once the Saddling operation was complete, the large ring was machined into the three 
shorter rings and prepared for heat treatment. Figure 39 shows the rings. 
 
Figure 39     Three rings parted and machined from single large ring 
 55 
 
A telling view of the full process is seen in Figure 40. The relative strains for each stage 
as well as the intra-stage relationships can be clearly seen here. 
 
 
Figure 40 Strain for all 3 Stages showing all 40 press strikes 
 
A thin prolong (approx 25.4 mm/1 in thick) was removed from the large final ring and 
tested for mechanical properties after heat treatment. These mechanical test results are 
presented in Table 6.  
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Table 6    Strength Data 
 
Test 
Piece* 
Test 
Direction 
Test 
Temp. UTS  Yield  
% 
Elong. % RA 
   MPa ksi MPa ksi   
1A Longitudinal Room  1262 183 1041 151 16 29 
1B Longitudinal Room  1282 186 938 136 20 32 
1C Longitudinal Room  1282 186 876 127 18 24 
1A Axial Room  1262 183 1089 158 24 27 
1B Axial Room  1255 182 931 135 27 28 
1C Axial Room  1255 182 924 134 24 25 
         
* A, B, and C were taken at locations 120˚ apart on the ring 
 
 
After the center section was punched out (the “munchkin”), some metallographic 
investigation was performed. Figures 41-43 show these results. 
 During the upsetting operation, as the final height was approached, cracks began 
to appear on the outer edges of the disc. The piece was allowed to cool and these cracks 
were ground out using proper grinding wheels. Moreover, during the ring saddling 
operation, cracks appeared on the face of the ring and the same halt-grind-reheat process 
was utilized.  
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 Figure 41   Light optical micrograph of center section showing variation of  
   grain size (ASTM 00 and 5/6)  
 
 
 Figure 42 Light optical micrograph at higher magnification 
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 Figure 43 Light optical micrograph showing lath delta phase and  
   carbides on grain boundaries 
 
 
7.0 Discussion 
 The goal of making rings this large from starting ingot was ambitious indeed. The 
enormous size of the rings motivated several key processing variables. First was the 
forging temperature, which when compared to Figure 11 (For upset/breakdown, 
1095˚C/2000˚F; final forging, 1035˚C/1900˚F), is on the higher range. Secondly, the 
ring’s size led to using the specialized 3 Stage process (breakdown/upset, walking bar, 
saddle tool).  In the literature, this author found no similar sizes of this shape forged (this 
does not mean it has not been attempted, only that results have not been published). 
Cardenas et al. [14] did the closest work to this but they produced rings of outside 
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diameters of 508 mm (20 in), 597 mm (23.5 in), and 889 mm (35 in), the largest of which 
being only half the outside diameter of the rings being done by SFP.  Their process was 
based on an initial upset and pierce (to get a starting forged ring blank) and then a 
classical ring-rolling technique. From a grain-size point of view, their results are 
summarized in Figure 44.  
 
Figure 44 Grain sizes obtained for IN 718 using varying process parameters. The  
  first value is the longitudinal, second value transverse. Average and ala (as 
  large as) ASTM grain sizes are shown. [14] 
 
As would be expected, the smallest grain sizes (presumably leading to higher strengths), 
were achieved by larger reductions and lower forging temperatures. They also looked at 
furnace time, the time held in the furnace between press strikes. In comparing the 
Cardenas et al [14] work with these rings and the capabilities of SFP, Inc., a valid 
question to ask is: could these rings be made by ring-rolling processing? The answer 
depends on a company’s ring-rolling equipment capabilities. The enormous size (over 
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3252 kg, 1956 mm in diameter) led to the 3-Stage process used at SFP and this could 
exclude ring-rolling companies. 
 It is clear from the results presented in Tables 3-5 and Figure 40 that individual 
strains varied for each stage and within each stage at each step. Stage 1 employed an 
average strain of 0.186; Stage 2 was an average of 0.027; and, Stage 3 was average 0.063. 
Whether this variation was the cause of the inconsistency seen in the room temperature 
strengths as well as ductility data needs to be investigated. The initial metallographic 
work confirmed this variability with duplex grain size (Figures 41 and 42). Another 
explanation could be the variations in part temperature during the finishing forging steps 
(the saddling portion). During drawdown, the higher end of the advised temperature 
range was used and the reduction ratios seem reasonable. However, during the walking 
bar operation as well as the saddle tool operation, much more limited average strains 
were achieved due to high friction forces (walking bar) and part geometry (saddle tool 
step)  
 Referring back to Figure 1, the “Process Design Criteria and Capability 
Checklist,” there are ways that SFP can use it as an in-process feedback form as well. It 
could ask itself questions within the Forging section, such as “How well did we preheat 
the dies?” or “How was our transfer time from furnace to press and back to furnace?” or 
“How well did we monitor temperatures of the parts, dies and handle tooling and during 
heat treatment?”  
 To further optimize this TMP process, to achieve more consistent yield and UTS 
properties, and even to increase them, the SFP could employ HSP or even DA 
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processing. This would entail a more ambitious die pre-heating program and a more 
stringent ingot selection protocol. The company is limited by the size of their two presses 
(3000-ton and 6000-ton) so more tonnage is not possible. More microstructure analysis 
could also be further employed to help with process control and to confirm the discussed 
process alternatives. 
 
8.0 Conclusions 
 Inconel 718 is a well-understood superalloy and forging it, while relatively easy 
compared to other superalloys, requires careful process design, parameter monitoring, 
and proper execution of all aspects of thermomechanical processing. This thesis presents 
a metal forming process design algorithm to incorporate the key criteria relevant to 
superalloys.  
 Based upon the body of literature developed over the past four decades, a case 
study of a fictitious forging company, SFP, Inc, was reviewed. In this case study, initial 
design work has been accomplished to meet its customer’s request for forging and heat 
treatment of extremely large rings. A Standard Processing procedure, employing gas-
fired furnaces and hydraulic presses, and a 3-Stage ring-formation technique was used for 
the conceptual forging and heat treatment of these rings. Careful control of the central 
superalloy processing parameters (temperature, strain, and strain rate) was incorporated 
into the thermomechanical processing design algorithm. Preliminary mechanical testing 
was conducted showing good room temperature strength and ductility data. Some initial 
in-process metallography was performed showing a slightly duplex grain structure.  
 More work needs to be initiated to further optimize aspects of this processing 
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technique to include more metallography (both light optical and scanning electron 
methods), more mechanical testing, and further investigation into potential augmentation 
of the three-stage processing procedure proposed.  
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